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1.      STATEMENT  OF  PURPOSE  AND  INTRODUCTION 

The  purpose  of  the  paper  is  to  show  the  system  equations, 
design  method,    and  a  working  model  of  an  audio  amplifier  operating  in 
the  switching  mode. 

The  principle  of  complementary  switching  for  an  audio 
power  amplifier  was  developed  by  Mr.    A,    G.    Bose  (See  References  2, 
3,    and  4)  of  MIT  Research  Laboratory  of  Electronics.      Mr.    Bose  used 
a  non-linear  forward  path  network  and  a  linear  feedback  network,    while 
this   paper  uses   a  local  sawtooth  generator  for  better  linearity  and  for 
higher  percentage  of  modulation. 

After  a  low  power  audio  signal  is  converted  to  a  single- 
edge  modulated  square  wave,    switching  circuit  technology  is  used  to 
power  amplify  the  resulting  square  wave.      Finally,    the  amplified  audio 
signal  is  recovered  by  using  a  detector. 
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FIGURE   1 

SWITCHING-MODE    AUDIO 
AMPLIFIER   SYSTEM   DIAGRAM 


A  local  sawtooth  generator,    with  a  frequency  control, 
generates  a  linear  ramp  with  a  repetition  rate  about  ten  times  the  high- 
est audio  frequency  to  be  amplified.      The  impedance  transformer  pre- 
vents loading  on  the  sawtooth  generator  thereby  improving  the  linearity 
of  the  sawtooth  ramp  and  drives  the  low  input  impedance  summing  cir- 
cuit. 

The  summing  circuit  driving  the  complementary  switch- 
ing power  amplifier  develops  a  square  wave  output.      The  symmetry  con- 
trol adjusts  the  square  wave  output  to  the  symmetrical  state  when  no 
audio  signal  is  applied  to  the  summing  network.     When  an  audio  signal  is 
added  to  the  sawtooth  wave  and  the  symmetry  control  level,    a  single- 
edge  modulated  square  wave  is  developed  at  the  output  of  the  power  am- 
plifier.     The  time  period  of  the  square  wave  is  fixed  by  the  fly-back  of 
the  sawtooth  wave,    the  amplitude  information  of  the  audio  signal  is  in 
the  asymmetry  of  the  square  wave,    and  the  frequency  information  of  the 
audio  signal  is  in  the  rate  of  change  in  the  asymmetry  of  the  square  wave. 
A  low- pass  filter  detects  the  amplified  audio  signal  from  the  edge  modu- 
lated square  wave.      For  this  investigation  a  low-pass  filter  and  a  resis- 
tive load  is  used  in  the  model,    but  in  actual  system  application  a  loud- 
speaker can  be  used  for  the  low-pass  filter  as  well  as  the  output  device. 

The  local  sawtooth  generator  method  of  modulation  is  ad- 
vantageous,    because  the  modulation  is  on  a  linear  ramp  instead  of  a  non- 
linear signal  such  as  sinusoidal  or  exponential.      The  linear  ramp  allows 
higher  per  cent  of  modulation  and  low  carrier  signal  frequency  for  the 


same  audio  signal  range.     A  current  feedback  pair  is  used  in  the  sum- 
ming circuit,    because  the  very  low  input  impedance  minimizes  the 
interaction  between  the  two  input  signals.      The  power  amplifier's 
transistors  are  in  either  the  cut-off  or  saturation  states  for  minimiza- 
tion of  the  device  power  dissipation.      Therefore,    larger  signal  powers 
can  be  handled  with  low  power  high  frequency  devices. 


2.      THEORY  AND  DESIGN 

Local   Sawtooth  Generator 

The  local  sawtooth  generator  is  an  asymmetrical  multi- 
tator  with  a  current  source  (transistor  T3  in  Figure  2)  replacing  one 
base  resistor,     With  a  constant-current  charging  a  capacitor,    a  linear 
voltage  ramp  is  generated.      The  other  side  of  the  multivibrator  gener- 
ates the  fly-back  of  the  sawtooth  generator. 
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FIGURE    2     LOCAL    SAWTOOTH    GENERATOR 


The  period  of  one  complete  cycle  of  the  sawtooth  is 
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tD     =     ta    ■+     tb   ~ 


10  xfAMAX 


,    where  ^AmaX     =     maximum  audio  to 


be  amplified. 


During  time  period  t     (ramp),    transistor  Tj   is  off  and 
transistor  T2  is  saturated.     Capacitor  C^  's  time  constant  is: 


t]     =    RiC1 


and  capacitor  C2  is  being  charged  by  a  constant-current  I,     During  time 
period  tD  (fly-back),    transistor  Tj   is   saturated,    and  transistor  T2  is  off. 
The  time  constant  of  capacitor  C\   is: 


V   =   Ri'Ci 


and  the  time  constant  of  capacitor  C2  is: 

t2'    =    R2C2 

The  frequency  of  the  sawtooth  generator  and  the  allowed  asymmetry  of 
the  generator  output  determines  the  times  ta  and  t^, 


t_     +    tb    =     tc 


fg 


and  the  asymmetry  is  defined  as: 


■o     - 


to/2  -   tb 
to/2 


x     100 


Rl    =   R2    =  7 


+v 
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MAX 


tb 


to     r 


1    - 


A, 


100 


where  IC^AX  *s  ^e  maximum  saturation  collector  current  for  transis 
tors  T^   and  T2.      Matching  the  boundary  conditions  at  the  completion  of 


tunc  t^: 


VC        =     .V   (1        e-t/t2') 


when 


t    =    lb<  vOUT     =     "VC 


*2'      =     tb     In 


V 


OUT 


P-P 


+v 


t  ' 

and  C2     =      ° 


Matching  the  boundary  conditions  at  the  completion  of  time  t. 


When  t  ta  +,    Vc        =     0  at  when  t     -     t-,    Vc       =     \  V   (1  -  e "  la/  ti ) 

YC{     =     0     -     "VCl     +     (VCj     +     V)  (1-e-tb/tl1) 


0     =     -V  (1-e-ta/ti)  +  V  (Z-e-ta/ti)  (l.e-tb/ti1) 


0     =     e-tb/ti  '     -2  +  e-ta/ti 


where 


tj    -    RiCj   and  tj  '     =    R,  'C 


1   ^1 


For  normal  operation  of  transistor  T^,    the  base  resis- 
ts- ce  Ri  '  is  more  than  an  order  of  magnitude  larger  than  the  collector 
resistance  R\.      The  asymmetry  of  the  multivibrator  is  desired  for  the 
sawtooth  generator  for  minimization  of  the  fly-back  time  (larger  per- 
cent of  modulation).      Therefore,    tb  is  less  than  ta< 


Ik. 

tl' 


^  ^L 


The  controlling  factor  in  the  resulting  boundary  equation  is  the  positive 


exponent. 


e  +  tb/ti'     =     2 

t0     =     ta  +  tb,    AQ     =     t:°/2  I   tb     x  100 

to/2 


1   -  A° 


100  J 


tl' 


ln2 
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_tb_ 
R? 


2R 


In 


VOUT 
1   _  2zR 


V 


100 


In 


1- 


vOUT 


P-P 


V 


R1  'ln2  RL  '   ln2  2 


1         A° 
100 


'AMAX 


=     20  KC  ,         .     .     t 


o  -i 

200  x  10J 


5.    x  1 0_fc>     =     5  usee, 


With  a  12   volt  supply  and  6  volt  peak-to-peak  output, 


ic 


MAX 


300  ma,      .     .     Rl     =    R2  =     + 


12V 
3  00  ma 


=     400a 


Let  Ri   =  R2  =  390^ 


8 
For  these  operating  conditions,    the  maximum  percentage 
of  asymmetry  is  80  per  cent  which  results  in  approximately  80  per  cent 
maximum  modulation  later  in  the  system.      The  output  voltage  decreases 
with  increase  in  percentage  of  asymmetry. 

=     (390.^  )  x  20     =     7.  8K 


*i'   =   Ri 

x 

hFEMIN 

Let  IV     = 

7.  5K 

r       -     fco 

1       Ao 

2         2R2 

100 
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1    -   Y°UTP~P 
V 


1. 85  x  10~9 


Let  C?     =     1.  8  nf. 


to  ,         Ao 

r.  1     =  x    — —        1 

°1  R, ' ln2  2 


1 


1 


100 


=     96. 2  x  10" 12 


Let  Cx     =     100  pf. 


C2  x  Vq2 
I  (charging  current)     = , ElP      =    2.4  ma. 


Let.  V 


B 


T3 


6  volt    to  insure  Ti  is  operating  in  the 
linear  region. 


R 


hFE 


1   +  h 


FE 


V  -  VBT3  ~  vBEj3 


=     2. 32  x  10+3 


Use  a  5K  ohm  variable  resistance  for  the  frequency  con- 
trol. 


Impedance  Transformer 

The  requirements  for  the  impedance  transformer  circuit 
are.     minimum  loading  on  the  sawtooth  generator,    ability  to  drive  a  low 


input  impedance  summing  circuit,    and  linear  operation  with  large  signal 
input.      The  circuit  configuration  to  meet  these  requirements  is  a  voltage 
feedback  pair  with  unity  feedback.      The  feedback  pair  has  better  linear- 
ity during  large  signal  operation  than  a  Darlington  network. 


vINo 


FIGURE      3       IMPEDANCE     TRANSFORMER 


The  dc  circuit  equations  are. 
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V 
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=    V  - 


hFE 


1   +  h 


FEj 


1^       R 


Vtr.      =     V 


c 


VB       =    V  -   (R3   1   R4)  IE 


V 


OUT 


=     Vtkt  -   V 


IN  "    VBE- 


R 


TE!     + 


_H5_ 
1   +  hFE 


■E- 


V 


The  dc  design  criteria  are  that  Vq      be  approximately- 
equal  to  plus  six  volts  when  Vjpq  is  at  its  most  positive  level  for  linear 
transistor  operation,    and  that  the  emitter  current  of  the  first  transistor 
equals  the  collector  current  of  the  second  transistor  to  balance  the  out- 
put voltage  sensitivity  between  the  two  transistors, 

Rj     =     1200  ohm 

R3  +  R4     =     1100  ohm 

R2     =     1100  ohm 


The  value  of  R  o  was  derived  by  using  the  Steadv-State  AC 
Network  Analysis  Program  (  SSNA  )  with  the  performance  criteria  of: 
stable  input  impedance,    maximum  input  impedance,    and  minimum  out- 
put impedance.      The  program  was  also  used  to  select  the  value  of  C^ 
based  on  the  criterion  of  minimum  capacitance  with  less  than  one  per 
cent  effect  on  the  sawtooth  fundamental. 
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Summing  Network 

The  function  of  the  summing  network  is  to  add  electronic- 
ally the  sawtooth  and  the  audio  signals.      The  audio  signal  would  normally 
come  from  a  preamplifier  that  has  an  output  dc  level  of  +9  volts  and  low 
ac  output  impedance.      The  summing  network  was  designed  on  the  com- 
puter with  the  following  circuit  topology  and  component  and  operation 
point  limitation. 
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FIGURE     4     SUMMING     NETWORK 
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1.  OK     f^R,    -£  10.  K 


0.  5K     ^"Rz  ^  10. K 


25  a      ^  R3  ^     5.  K 


100  n     ^R4   ^     5.K 


100^     ^R5  ^  10. K 
100-^     ^R7  ^10.  K 


All  resistors  are  5  per  cent  tolerance  of  selected  values, 


30  fr    HFE1   ^    150  PNP  transistor 

30  -±  HFEZ  ^  150  NPN  transistor 


(VEl    -   VC)-^    5  volt 

(VC  -  VE2)^   ,  7  volt 

Ir.,  -='    10  ma 

2  ma  -^   Id      ^    10  ma 
5 

STATE  1  STATE  2 

Vj\  (audio  input  dc  level;  +9-  9  volt  t8.  1   volt 

V  (+12)  supply  voltage  +11.4  volt  fl2.  6  volt 

V  (-12)  supply  voltage  -12.6  volt  -11,4  volt 

The  following  equations  were  generated  by  the  Automatic 
Circuit  Optimum  Program  (ACOP)  written  by  Mr.   A.    G.    Kennard,    IBM, 
Systems  Development  Division,    Poughkeepsie,    New  York. 

HFEi 
Al     = 

1    +  HFEi 
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A2     = 


HFE2 
1   +  HFE2 


CI 


JL  +   J_  +     l 


R 


R7  HIE. 


C2     = 


V  (-12)  VBE2~1  1 

■   x  - 


R 


HIE2"J 


CI 


1  1 

C3      =     —       + 


R3      '      HIE1 


C4     = 


V  (  +  12)  VBE! 


R 


HIEi 


C3 


C5     = 


HIE2  x  CI   -   1 


R4  HIE22  x  (1   +  HFE2)  x  CI 


C6    = 


V  (-12)    .        (C4~VBE!)xAl  C2  +  VBE2 


R 


HIE 


1 


HIE2  x  (1+HFE2)_ 


C5 


D 


R 


+    J-   +  -L 
R2         R7 


HIEi   x  C3  -   1 


R?2  x  CI 


HIE!  2  x  C3  x  (1+HFEi) 


Al 


HIEi    x  HIEo  x  CI   x  C5  x  R 


R72  x  C12  x  HIE?2  x  C5  x  (1+HFE2) 


Al 


R7  x  CI   x  HIE2  x  C5  x  C3  x  HIEX2 


VB 


C6 


VA 


Rx         \C1  x  HIE2 


+    C2 


JL  C4  -  VBEj 

X     R7  H1E:   x  (H-HFEi) 


D 


VC  = 


VB  x  Al       VB  x  Al 


VB 


HIEi        HIE^xCS  R7  x  CI   x  HIE2  x  (1+HFE2)J       C5 


+  C6 
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VEi     = 


VB 
HIEj   x  C3 


+    C4 


VE- 


VB 
R7 


V_C 

HIE. 


x     _       +     CZ 


Then  the  program  randomly  selects  circuit  components 
between  the  specified  limits.      The  circuit  components  that  gave  the 
minimum  value  for  delta  are  used  as  starting  values  where  delta  is  de- 
fined as: 


DELTA     = 


VE2  (state  2)  -  VE2   (state  1) 


VE2  (state  2) 


104 


x 


1(P     + 


VE2   (state  1)'     x  10! 


The  program  then  does  a  direct  search  to  minimize  the 
variable  delta.      The  purpose  of  the  delta  function  is  to  design  a  circuit 
whose  output  voltage  is  near  zero  and  then  minimize  the  difference  be- 
tween these  two  states  of  the  output  voltage.     See  Appendix  B  for  examples 
of  the  computer  printout. 

The  computer  program  SSNA  was  used  to  design  Cl  for 
less  than  .  1  per  cent  change  in  the  phase  angle  of  the  voltage  transfer 
function  for  the  sawtooth  input.      The  resulting  component  values  were: 

Rl  —  2.  OK  R5  —  4.  3K 

R2  —  6.2K  R6  —  2.  OK 


R3  —  1.  6K 


R7  —  7.  5K 


R4  —  2.  7K 


Cl  -  100  nf 


15 
The  resistor  R^  is  changed  to  a  5000  ohm  variable  re- 
sistor to  control  the  output  dc  level  (symmetry  control).      The  use  of 
this  variable  resistor  is  covered  later  in  the  power  amplifier  section. 

Power  Amplifier 

The   power  amplifier  has  two  functions:     zero  crossing 
detection  andpower"  amplification.      The  output  dc  level  of  the  summing 
network,    with  no  audio   signal  input,    is  adjusted  by  the  symmetry  con- 
trol to  the  position  with  half  of  the  time  base  of  the  sawtooth  signal 
below  zero  and  half  above  zero.      Then  as  the  audio  signal    is  applied, 
the  zero  crossing  of  the  sawtooth  is  modulated  along  the  time  base.      The 
first  stage  of  the  power  amplifier  is  a  complementary  switching  circuit 
which  detects  the  zero  crossing.      The  first  two  diodes  minimize  the  zero 
crossing  detection  zone,    plus  removing  the  requirement  for  the  summing 
circuit  to  supply  the  power  amplifier  base  current.      The  second  stage  of 
the  power  amplifier  delivers  the  high  power  square  wave  to  the  load  net- 
work.     The  second  pair  of  diodes  limits  the  base  current  and  limits  the 
reverse  voltage  on  the  base-emitter  junction  of  the  output  transistors. 


16 


o 


+v5 


-W%mr 


INPUT  Di 


OVO- 


rr1 


D*U?\^ 


OUTPUT  +V? 

iimnniuifi 


-v, 


RL=15 


D4 


-V, 


-V 


FIGURE    5    POWER    AMPLIFIER 


The  dc  design  equations  for  the  power  amplifier  are: 
For  transistors   T3   and  T4 


ic 


5V  "  VCESAT  5.0-1.0 


ON 


RL 


15 


4.  0 

=    267  ma 

15 


R5  =  R6 


5V   -  VBE  SAT  5   -      8V 


ICQN/hFEMlN  267  ma/Z5 


-       =     393 


Let  R5   =  R^   =   390rv 


1? 


When  transistors  Ti    and  To  are  OFF 


+  12V 


R 


? 


D„       3£ 


-o    v 


^5 


For  transistors   Tj   and  To 


V   = 


R5 


R3  +  R5 


(12V  -  VD^)^  +  5  volt 


Let  R3  =  R5  =  390  .n  ,    VD     =  .  8  volt. 


V  =  1/2   (11.2)   =  5,6  volts^  +  5  volt 


IC 


+  12V  -  V 


CE  SAT 


ON 


R3 


12  -   .  3 


390 


=  30.  3  ma 


Rl    =  R2 


12V  -   VBE  SAT  12  -   .3 


^mvi/h 


ON/nFEMIN 


30. 3/25 


=  9,  669-^ 


Let  R,    =  R2  =   10K 


Transistor  Power: 


Tj   and  T2  P  =  1  /2   (IbVbe  +  IcVce)  =   3.  21   mwatt 


T3  and  T4  P  =  1/2   (IbVbe  +  IcvCE)  =   137-  8  mwatt 


Detector 

A  low  pass  filter  attenuates  the  square  wave  and  passes 
the  amplified  audio  signal. 
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(See  References  6,    10,    11) 
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1    -   m 


2  m 


:0j      =     74    5  nf 


mi   Cqi             Co7 
C12     +     C21     = +   _      =     101.33nf 


I_2     =     LQ?     =     26.  5  yah 
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c22    +     C31 


C0?  rn3(-'o^ 

—±-    +    — f_ — £    =     85.  37  nf 


Li     =     m-2JL„_     =     10.  6  /ah 


'3^o3 


A11 


32 


f 


m3' 


4  m3 


C 


oo     =     55.  2  nf 


C33     +     C 


m3Co3  m4Co, 


41     - 


=     63.  81  nf 


m/iL, 


£1    =     8.  5  jih 


C 


42 


"1    -   m42~I 


2m4       j 


CQ4       =     67.4  nf 


Component  values   after  tunning  with  SSNA   and  winding 


the  four  inductors  are: 


Ll 

0.  06a. 

Cll 

75.    nf 

C12  + 

C21 

100.    nf 

L2 

0.  10^ 

C22  + 

C31 

82.    nf 

L3 

0.  05^ 

C32 

56,    nf 

C33  + 

c41 

62.    nf 

L4 

0.  04^ 

C42 
Ro 

68.    nf 
15^ 

14. 4nh 


25. 6  uh 


9.  7  uh 


9/ih 
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The  Overall  Amplifier  Response 

The  complete  amplifier  circuit  that  was  described  in  the 
previous  sections  is  shown  in  Figure  7.      The  power  gain  of  the  amplifier 
is  defined  as: 


10  log 


VOUT2 


R 


IN 


R 


V 


IN 


The  voltage  gain  of  the  amplifier  consists  of  three  parts:  gain  of  the 
summing  network,    gain  of  the  power  amplifier,    and  the  gain  of  the 
detector.      The  first  and  last  gains   are  normal   sinusoidal  network 
gains,    but  the  power  amplifier's  output  is  a  modulated  signal. 
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Rl 

390^, 

1/2W, 

5% 

R2 

7.  5K, 

1/4W, 

5% 

R3 

4.  7K, 

1/4W, 

5% 

R4 

4.  7K, 

1/4W, 

5% 

R5 

0-5K 

,  Varia 

ble 

R6 

390-a, 

1/2W, 

5% 

R7 

1.  2K, 

1/4W, 

5% 

R8 

910-n., 

1/4W, 

5% 

R9 

200^, 

1  /4W, 

5% 

RIO 

1.  IK, 

1/4W, 

5% 

Rll 

2.  OK, 

1/4W, 

5% 

R12 

2.  OK, 

1/4W, 

5% 

Rl  3 

6.  2K, 

1/4W, 

5% 

R14 

7.  5K, 

1/4W, 

5% 

R15 

1    6K, 

1/4W, 

5% 

R16 

0-5K 

,  Varia 

ble 

R17 

4.  3K, 

1/4W, 

5% 

R18 

10    K, 

1/4W, 

5% 

R19 

10    K, 

1/4W, 

5% 

R20 

390^-, 

1/2W, 

5% 

R21 

390^, 

1/2W, 

5% 

R22 

390-^, 

1  /2W, 

5% 

R23 

390-a, 

1/2W, 

5% 

R24  15^    ,    2W       ,    5% 

LI  .  06-i,    14.  4  uh 

L2  .  lOn.,    2  5.  6  uh 

L3  05^,      9.  7  ;ah 

L4  .  04n',      8.  9  ph. 


CI 

lOOpf, 

5% 

C2 

1.  8nf , 

5% 

C3 

50    nf, 

20% 

C4 

lOOnf, 

20% 

C5 

75    nf, 

5% 

C6 

lOOnf, 

10% 

C7 

82    nf, 

5% 

C8 

56    nf, 

5% 

C9 

62    nf, 

5% 

CIO 

68    nf, 

10% 

Cll 

240pf, 

10% 

Dl 

1N916 

D2 

1N916 

D3 

1N294 

D4 

1N2  94 

D5 

1N4244 

D6 

1N4244 

Ti 

2N706 

T2 

2N706 

T3 

2N705 

T4 

2N705 

T5 

2N705 

T6 

2N705 

T7 

2N706 

T8 

2N955 

T9 

2N705 

T10 

2N2904 

[ 

Til 

2N329S 

) 
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The  modulation  equation  for  trailing-edge  modulation 
(See  Reference  1)  is: 


oo 


V      (t)  =  MV9  cos  wat  +  2V? 
o  Z  a  ^ 


V~  sin  m  wct 

m  s  1  m 


CO 


2V;?         2_»  1        S£n  (m  wct  -  mir) 

m  =  1  mfT 

2V2         X.  1-  Jn  sin  (m  wct  +  nwat  -   m/T  -   n"~wa    ) 


m  = .-  1        n  =    +1  mn_ 


-r 


where:  M 


Vp.p  audio 


Vp_p  sawtooth 


f  (wa)  =  normalized  audio  signal  =  M  cos  w    t 
Voutputp_p  =  2V2 

w      =  angular  frequency  of  the  audio   signal 
wc   =  angular  frequency  of  the   sawtooth  signal 

The  summing  network  gain  is  the  same  for  the  audio 
signal  as  for  the  sawtooth;   therefore,    the  amplitude  ratio  is  measured 
at  the  input  to  the  summing  network.      The  above  equations  are  true  for 
ideal  rise  and  fall  times  of  the  square  wave.      When  the  rise  and  fall 
times  are  non  -zero,    the  audio  output  signal  has  distortion  that  is  a 
function  of  the  percentage  of  modulation  and  the  ratio  of  the  sum  of  the 
rise  and  fall  times  to  the  period  of  the  square  wave.      Using  a  trapezoidal 
approximation  and  a  Fortran  IV  program  shown  after  the  distortion 
equations,    the  amplitude  distortion  of  the  audio  signal  is  calculated  for 
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various  sawtooth  frequencies,    sum  of  rise  and  fall  times,    and  percent- 
age of  modulation. 


Percentage  of  modulation  =  m 

Minimum  area  (  (1-m)  T/2  -    [tr  +  tf)/2)  2V 

Ideal  minimum  area  =   (1-m)   TV 

Maximum  area  =  {  (1+m)  T/2  -    (tr  +  tf)/2)  2V 

Ideal  maximum  area  =  (1+m)  TV 

Middle  point  area  =  (T/2   -    (tr  +  tf)/2)  2V 

Ideal  middle  point  area  =  TV 

(tr  +  tf) 

Error  in  minimum  area  = 

(1-m)   T 

Error  in  maximum  area  =  _  *  ...  .  J'_ 

(1    +  m)   T 

Error  in  middle  area  =   ^  r         0 


V  audio   =  m  (2V)    ,    Distortion  =  JE_rJ^I^iiIL-___^££^_Mi2L' 


$1BFTC  ERROR        M94/2,  XR 7,  NODECK 

1  FORMAT  (12H1FREQUENCY   =,  Fll.  4,  3H  KC  ,    3X.13HTIME 

1  PERIOD  =',  Fll,  4,    1  3H  MICROSECONDS,  3X,  28HSUM  OF  RISE 
2AND  FALL  TIMES  =,  Fll.  4,  12H  NANO  SECONDS) 

4    FORMAT  (22H-PERCENT  OF  MODULATION,  3X,  21HERROR  OF 
IMINIMUM  AREA,  4X,  20  HERROR  OF  MIDDLE  AREA,  5X,  21 
2HERROR  OF  MAXIMUM  AREA,  4X,  17HOUTPUT  DISTORTION/ 
32X,  4(7HPERCENT,  18X)/) 

2  FORMAT  (5X,  4(F11.  5,  14X),  Fll.  5) 
DO  3  I  =  1 ,  1  9 

DO  3  J  =  1,  50 
•  T.I  =  I  -   1 
T  =  1 .    +  .  5  *  TI 
F  =  (1.  E  +  3)/T 
ST  =  10  *  J 
WRITE  (6,  1)  F,  T,  ST 
WRITE  (6,  4) 
DO  3  K  =  1,  20 
XM  =   (K  -   1)  *5 
X  -  10.  *ST/T 
EMIN  =  X/(100.  -XM) 
EMID  =  X/100. 
EMAX  -  X/(100.  +XM) 
EOUT  =  (EMIN-EMAX)/2. 

3  WRITE  (6,  2)  XM,  EMIN,    EMID,  EMAX,  EOUT 

CALL  EXIT 

STOP 

END 


Figures  8  and  9  show  the  audio  distortion  versus  the 
percentage  of  modulation  for  different  sums  of  the  rise  and  fall  times 
for  a  square  wave  frequency  of  200  KC. 
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3.      EXPERIMENTAL  RESULTS 


The  comparison  between  the  designed  and  the  actual  saw 
tooth  generator  is   shown  in  Table  1. 

TABLE  1 

Item  Calculated  Measured 


Vont  6,  0  volt  4.  85  volt 

P-P 

%  of  Modulation  80%  75% 

Current  Source  Resistor  2,  3Z0  ohm  3,  308  ohm 

Nonlinearity  of  Ramp  0  +  .  6% 

Slope  of  Ramp  1 .  33  x  1  0  +  6volt/  sec.  .  933  x  1 0  +  6  volt/sec 

The  actual  sawtooth  generator's  output  is   shown  in 
Figure  10. 

The  sawtooth  signal  at  the  output  of  the  summing  net- 
work allows  for  2.  15  volt  modulation  or  75%  modulation  with  +1 .  67% 
error  in  linearity,      For   75%  modulation,    an  audio  signal  of  3.  5  volt 
peak-to-peak  is  applied  at  the  audio  input  which  has  an  ac  input  imped- 
ance of  3,  000  ohm.      The  sawtooth  signal  at  the  output  of  the  summing 
network  is   shown  in  Figure  11. 

The  rise  and  fall   times  of  the  power  amplifier  output  are 
improved  by  matching  the  output  transistors  and  inserting  the  240  pico- 
farad capacitor  between  the  collectors  of  the  first-stage  transistors  of 
the  power  amplifier.      Program  SSNA  was   used  to   select  the  capacitor's 
value.      The  resulting  rise  time  is   86  nanosecond   ,     and  the  resulting  fall 
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time  ls  136  nanosecond   w  h  e  n  the  amplifier  is  loaded  with  a  15  ohm  re- 
sistor.     When  the  amplifier  is  loaded  with  the  low   pass  filter,    the  rise 
and  fall  times  are  respectively  786  and  640  nanosecond  .       The  poor 
quality  in  the  rise  and  fall  times,  with  the  filter  as  the  load,  is  due  to  the 
large  capacitive  content  in  the  filter's  input  impedance.      If  a  loudspeaker 
is  used,    which  has  an  inductive  component  in  the  input  impedance,    the 
rise  and  fall  times  are  not  affected  as  they  are  with  the  low  pass  filter. 

The  comparison  between  the  calculated  gain  and  phase 
and  the  measured  gain  and  phase  for  the  low- pass  filter  is   shown  in 
Figure  12. 

The  comparison  between  resistive  loading  and  filter  load- 
ing on  the  power  amplifier  output  for  dc  signal  input  at  the  audio  input  is 
shown  in  Figure   13. 

The  amplifier  and  filter  voltage  gain  versus  frequency 
and  percent  modulation  is  shown  in  Figure  14.      Note,    the  data  for 
Figure  14  was  taken  with  the  poor  rise  and  fall  times.      Even  with  the 
poor  rise  and  fall  times,    the  pahse   shift  due  to  the  amplifier   (sub- 
tracting the  filter   shift  from  the  overall   phase   shift;  is     4       at  47  KC. 
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FIGURE     10 

OUTPUT     VOLTAGE     OF 
SAWTOOTH     GENERATOR 

fc  =  200  KC 

1   volt  /  inch 
1  /isec/  inch 


+  0.7   volt 


0  volt 


-4.15  volt 
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-15  &  Resistive   Load 


DC  Level    (Volt) 

FIGURE    13.      RATIO   OF   DOWN    LEVEL   TO 
TOTAL    PERIOD    OF    OUTPUT    MODULATED 
SQUAREWAVE    VERSUS    DC  VOLTAGE    AT 
AUDIO    INPUT. 
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4.     CONCLUSIONS 
The  only  purpose  for  the  low-pass  filter  is  to  prove  the 
presence  of  the  audio  signal  whose  amplitude  is  the  percentage  of  modu- 
lation times  one  half  the  square  wave  amplitude.      Using  a  loudspeaker 
as  the  load,    the  rise  and  fall  times  of  the  amplifier  output  square 
wave  are  similar  to  the  rise  and  fall  times  of  the  amplifier  output 
square  wave  when  the  amplifier  is  loaded  with  a  resistive  load.      The 
model  used  had  only  25  db  power  gain.      By  increasing  the  power 
supply  voltages  and  adjusting  the  resistors  in  the  power  amplifier  , 
the  power  gain  is  increased. 
Example: 
1  watt  output  transistors  (germanium) 


Power  of  Transistor  1 

2  *  VCESAT  ^M) 


I,-       ,    =     ^ower  01    iransistor    =         I  =   ,,667a  re 

^ON  t  ..  it- 1 1    i\ 


R0     =     15-n-,    +V  (supply)     -    R0IC0N  +  VCESAT  25.  3  volt 

Maximum  Power  gain  =  10  log 


~(25)2  3,000 


15  (3.5)^_ 

=  10  log  (1.  0204  x  104)=  40  db 
Maximum  Power  in  speaker  is  41.  66  watt  as  compared  to  7.  4  watt 
output  for  class  B  push  pull. 
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APPENDIX  A 
Circuit  Design  and  Analysis  Programs 

ASAP 

Automated  Statistical  Analysis  Program  description  below 
was  written >by  Arthur  tG,    Kennard, 


"ASAP  is  an  'Automated  Statistical  Analysis  Program1 
that  was  developed  for  the  IBM  7090/94  computer.      This  program  is  de- 
signed to  perform  a  Monte  Carlo   statistical  analysis  on  the  d-c  currents 
and  voltages  of  transistor  and  diode  circuits.      The  mathematical  d-c 
model  for   such  a  transistor- diode  circuit  is  a  set  of  equations,    formu- 
lated using  the  simple  rules  of  algebra.     Such  a  set  of  algebraic  simul- 
taneous equations  will  always  have  a  unique  solution  for  a  given  biasing 
condition.      Moreover,    such  a  solution  can  always  be  obtained  by  suc- 
cessive or   step-by- step  elimination  of  the  unknowns.      The  task  of 
generating  these  equations  and  the  mechanics  of  obtaining  the  solutions 
become  difficult  and  error  prone,    especially  when  the  number  of  circuit 
components  becomes  large,    particularly  those  that  are  nonlinear  such 
as  transistors  and  diodes.      This  task  becomes  almost  impossible  if  one 
has  to  analyze  circuits  with  extensive  feedback  loops. 

"A  high-speed  scientific  computer  can  perform  the 
mechanics  and  produce  the  solution  faster,    more  economically,    and 
more  reliably.      However,    a  computer  always  requires  a  well-defined 
algorithm  capable  of  handling  a  general  case. 

"This  project  was  intended  to  investigate  and  establish 
such  an  algorithm  for  a  general  transistor  and  diode  d-c   circuit  analysis. 
It  was  intended  that  the  user  will  be  required  only  to  provide  a  simple 
topological  description  of  the  circuit  in  an  English-text  form,    thus 
eliminating  the  need  for  writing  the  d-c  equations  manually.      The  ASAP 
program,    through  a  pattern  recognition  program,    SHADOW,    scans  and 
analyzes  this  input  data,    producing  a  table  which  indicates  the  sections 
or  subpatterns  of  this  data.     ASAP  uses  this  data  to  write  the  set  of 
Kirchoff  equations,    then  solves   them  algebraically  using  the  Gauss   re- 
duction method.      The  program  then  writes  a  complete  source  program 
subroutine   (using  FORTRAN  programming  language),    compiles  this   sub- 
routine to  convert  it  into  machine  language,    and  then  calls  on  another 
subroutine  which  will  perform  the  statistical  analysis  of  the  circuit. 
This   process  is  carried  out  automatically  from  start  to  finish,    thus 
justifying  the  name  'Automated  Statistical  Analysis  Program  -  ASAP.  ' 
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"The  unique  feature  of  this  method  is  that  the  equation 
solution  is  carried  out  analytically  (symbolically)  in  almost  the  same 
manner  as  it  would  be  done  by  hand.     In  essence,    these  equations  are 
solved  once  analytically,    rather  than  many  thousands  of  times  if  one  is 
required  to  perform  a  statistical  simulation  of  a  circuit. 

"The  topological  description  of  the  circuit  may  include 
resistors,    voltage  sources,    current  sources,    diodes,    and  transistors. 
The  diodes  and  transistors  are  represented  by  voltage -current  tables 
supplied  as  input  data.     All  items  of  the  topolotical  description  must 
include  the  appropriate  tolerances,    and  density  functions.      The  output 
information  is  always  given  in  tabular  form.      A  frequency  plot  is  given 
when  requested. 

"A  feature  of  this  program  is  the  ability  to  determine  the 
effects  of  component  variation  on  the  output  parameters.      The  program 
computes  two  types  of  sensitivity.      The  first,    statistical  sensitivity,    is 
a  qualitative  analysis  where  the  measure  of  the  spread  of  each  parameter 
about  the  mean  value  is  taken  into  consideration.      The  second  type  is 
based  on    a  1%  deviation  of  each  component  parameter  from  its  nominal 
value. 

"A   requirement  for   such  a  system  is  that  it  must  perform 
a  statistical  analysis  of  the  circuit.      The  most  widely  known  and  accepted 
method  is  the  Monte  Carlo  simulation  process,    since  it  makes  no  as- 
sumptions about  the  statistical  nature  of  any  component  parameter 
distribution  but  will  accept  any  continuous  density  function. 

"Briefly  stated,    the  Monte  Carlo  method  of  treating 
system  analysis  is  a  scheme  by  which  the  performance  of  a  large  number 
of  simulated  samples  of  a  system  can  be  evaluated  when  the  system  is 
comprised  of  elements  with  values  that  may  vary  between  tolerance 
limits.      By  repeatedly  selecting  random  combinations  of  these  para- 
meters and  computing  the  variables  of  the  system,    a  valuable  indication 
of  the  system's   probability  of  meeting   specific  performance  criteria  can 
be  derived. 

"The  Monte  Carlo  sampling  process  is  analogous  to  pro- 
viding a  large  sample  of  every  component  in  the  circuit.      The  samples 
are  chosen  so  that  they  will  have  the  statistical  characteristics  of  their 
population.      From  each  component- sample  set,    select  one  element, 
build  the  circuit  in  such  a  way  that  no  new   random  variables  are  intro- 
duced in  the  process,    and  measure  and  record  the  dependent  parameters 
of  the  circuit  with  caution.      This  operation  is  repeated  many  times.      The 
dependent  variables  are  then  tabulated  in  a  statistical  frequency  distribu- 
tion.     The  subroutine  that  will  perform  the  statistical  analysis  is  called 
STRESS  (.Statistical  Reliability  Evaluation  by  Synthetic  Sampling). 
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"The  ASAP  program  is  composed  of  two  parts.      The  first 
is  also  called  ASAP  and  is  designed  and  programmed  to  accept  the  user's 
simple  topological  description  of  his  circuit,    and  the  component  para- 
meter information,    such  as  their  nominal  values,    the  tolerances  and  the 
type  of  density  function  that  characterizes  each  component.      The  output 
of  this  program  is  another  computer  program  which  contains  all  the 
statistical  information  and  mathematical  models  of  the  circuit  and  its 
nonlinear  components,      The   second  part  of  this  program,    STRESS,    per- 
forms the  statistical  analysis. 

"This  implies  that  one  can,    by  making  the  necessary 
modifications,    eliminate  the  STRESS  capability  and  replace  it  by  any 
other  design  criteria  whether     it  be  Taylor  design,    nominal  design,    or 
any  feasible  combination.      It  is  not  difficult  for  the  user  to  convince 
himself  that  these  design  criteria  are  but  special  cases  of  the  statistical 
design.      For  example:    ASAP,    as  it  stands,    can  produce  the  worst-case 
circuit  analysis,    by  setting  all  component  parameters  at  their  worst- 
case  tolerance  limits  and  with  zero  tolerance  about  these  selected  values. 
Thus,    the  random-number  generator  will  always  select  these  worst-case 
limits  to  be  used  in  the  analysis.     Similarly,    the  nominal  design  can  be 
accomplished  by  setting  all  component  parameters  at  their  specified 
nominal  value  and  w;th  zero  tolerance  about  these  values.  " 


A  COP 

Automated  Circuit  Optimum  Program  uses  the  first  part 
of  ASAP.      The  user  defines  the  topology  of  the  circuit  and  specifies  the 
values  or  range  of  values  fcr  the  circuir.  parameters.    The  program  does  the 
nominal  case  and  tolerance  case  if  tolerances  are  specified.      The  user 
defines  a  variable  expressed  in  terms  of  input  and  output  parameters. 
The  second  part  of  the  program  uses  the  Monte  Carlo  simulation  process 
of  selecting  nominal  circuit  components  and  calculates  the  above  defined 
variable.      After  doing  the  specified  number  of  random  selections,    the 
program  selects  the  minimum  value  of  the  optimum  variable  and  then 
does  a  direct  search  on  the  component  values  to  find  the  true  minimum  of 
the  optimum  variable.      Then  the  component  tolerances  are  included  and 
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the  program  will  minimize  the  optimum  variable  again.      This  program 
was  written  by  Arthur  G.    Kennard  (author  of  ASAP). 

SSNA 

The  Steady -State  AC  Network  Analysis  Program  (SSNA) 
is  developed  for  an  IBM  7094  model  2  computer.      The  program 
analyzes  linear  networks  in  the  small  signal  sinusoidal  frequency  do- 
main.     The  network  can  consist  of: 


1.  Constant  lump  parameters:     resistors,    capacitors, 
and  inductors 

2.  Distributive  transmission  lines  or  distributive 
monolithic  resistors 

3.  Transistors  (the  program  has  two  transistor  models 
of  which  the  data  for  either  can  be  entered  on  one 
data  card  for  each  transistor) 


The  program  allows  for  one  resistance,    one  inductance,    one  capacitance, 
and/or  Q  of  coil  to  be  entered  on  one  data  card  (passive  data  branch). 
A  configuration  number  defines  how  these  R,    L,    and/or  C  are  con- 
nected together  to  form  a  two  terminal  network.      There  can  be  up  to 
three  of  these  R,    L,    and  C  configurations  connected  in  any  series- 
parallel  combination,    as  long  as  the  overall  combination  (a  branch  set) 
is  a  two  terminal  network.      These  two  external  terminals  then  become 
two  major  nodes. 
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Circuit  Limitations; 


Resistors  633 

Inductors  633 

Capacitors  633 

Transmission  Lines  20 

Transistors  10 

Nodes  1708 

Major  Nodes  20 


The  program  generates   its  own  equations  from  a  topo- 
logical description  of  the  network.      The  network  data  is  in  fixed  format, 
but  no  programming  experience  is  needed. 

There  are  four  general  modes  of  operations  (which  can 
be  done  individually  or  all  at  once  with  the  network  data  entered  only 
once): 

1.  Frequency  response  (on  the  log  or  linear  scale). 

2.  Variation  of  any  passive  parameters  by  increment- 
ing the  parameter  with  a  frequency  response  for  each 
increment, 

3.  Variation  of  any  passive  branch  set  by  direct  sub- 
stitution with  a  frequency  response  for  each  modifi- 
cation. 

4.  Variation  of  any  transistor's  parameters  by  substi- 
tution with  a  frequency  response  for  each  substitution. 

The  number  of  frequency  points  a  given  network  can  be 
solved  for  is  unlimited.  Any  number  of  networks  described  with  pre- 
viously stated  components  can  be  cascaded  together. 
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The  output  results  for  single -ended  networks  may  con- 


sist of: 


sist  of: 


1 .  Node  voltages 

2.  One  of  sixteen  possible  transfer  functions  between 
any  two  major  nodes 

3.  Input  impedance  (one  of  three  functions) 

4.  Output  impedance   (one  of  four  functions) 

5.  Mutual  impedance  (impedance  between  the  input  and 
the  output  nodes) 

6.  Semilog  plot  of  the  transfer  function 

7.  Nyquist  plot  of  the  transfer  function 

8.  Printer  plots  of  the  three  impedance  functions 

9.  When  cascading,    2,    6,    a  nd  7  outputs  are  also 
available  for  the  accumulative  networks. 

The  output  results  for  differential  networks  may  con- 

1.  Voltage  gains  for  both  sides  of  the  network 

2.  Differential  voltage  gain 

3.  Common  mode  rejection 

4.  Common  mode  rejection  ratio 

5.  Delta  and  wyei  equivalent  iriput  dm pedances 

6.  Nyquist  and  semilog  plots  of  the  above  voltage  gains 

7.  Semilog  plot  of  the  common  mode  rejection  ratio 
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8.  Rectangular  plots  of  the  equivalent  input  impedances 

9.  When  cascading,    the  above  outputs  are  available  for 
the  accumulative  network 

SSNA  will  load  in  50  second     and  will  analyze  1899  com- 
ponent network  in  2.4  second     per  frequency  point. 

Programs  ASAP,    ACOP,    and  SSNA  are  IBM  experi- 
mental programs  and  are  not  available  for  general  public  use. 


APPENDIX  B 

Samples  of  Computer  Runs 

The  minimum  open  loop  gain  of  the  sawtooth  generator 
to  insure  the  oscillator  operation  with  worse-case  components  using 
SSNA  shown  on  pages  47  to  48. 

Selecting  the  ac  emitter  resistor  of  the  second  transis- 
tor in  the  impedance  transformer  using  SSNA  shown  on  pages  49  to  50. 

The  dc  designing  of  the  summing  network  using  ACOP 
shown  on  pages  51   to  56. 

The  dc  analysis  of  the  summing  network  using  ASAP 
shown  on  pages   57  to  60. 

The  ac  analysis  of  the  low  pass  filter  using  SSNA  on 
pages  61   to  64. 
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GAIN  BETWEEN  NODE  9  AND  NODE  8 


FREQUENCY  IND.    NETWORK  GAIN 

CPS                                           GAIN  PHASE 

1.000      CPS  1.322E-05  90.0 

2.000      CPS  2.643E-05  90.0 

4,000      CPS  5.287E-05  90.0 

8.000      CPS  1.057E-04  90.0 

10.000      CPS  1.322E-04  90.0 

20.000      CPS  2,643E~04  90.0 

40.000      CPS  5.287E-04  90.0 

80.000      CPS  1.057E-03  90.0 

100.000      CPS  1.322E-03  90.0 

200.000      CPS  2.643E-03  90.0 

400.000      CPS  5.287E-03  89.9 

800.000      CPS  1.057E-02  89.9 

1.000  KCPS  1.322E-02  89-9 

2.  000  KC  2.  643E-02  89.  7 

4.  000  KC  5.  286E-02  89.  5 

8.  000  KC  0.  106  89.  0 

10.  000  KC  0.  132  88.  7 

20.  000  KC  0.  264  87.  4 

40.  000  KC  0.  527  84.  8 

80.  000  KC  1.  041  79.  6 

100.  000  KC  1.  291  77.  1 

200.  000  KC  2.  421  65.  2 

400.  000  KC  3.  974  46.  5 

800.  000  KC  5.  228  25.  2 

1.  000  MC  5.  468  18.  9 

2.  000  MC  5.  796  1.7 
4.  000  MC  5.  671  -15.  2 
8.  000  MC  5.  014  -36.  4 

10.  000  MC  4.  664  -44.  5 

20.  000  MC  3.  310  -73.  6 

40.  000  MC  2.  019  -109.  6 

80.  000  MC  1.  183  -157.  2 

100.  000  MC  1.  016  -176.  0 

200.  000  MC  0.  711  118.  5 

400.  000  MC  0.  567  60.  7 

800.  000  MC  0.  484  26.  5 

1.000GC  0.466  19.8 

2.  000  GC  0.  427  7.  6 
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TOPOLOGICAL  INPUT  DATA 

NOVEMBER   30,    1966 

5:08  PM 

2000  CASES 

NO  SENSITIVITIES 

DONT  VERIFY 

INPUTS 

Rl,    1.  0  TO  10.  0,    SHAPE1 

R2,    0.  5  TO  10.  0,    SHAPE1 

R3,    .025  TO  5.0,    SHAPEl 

R4,    .1   TO  5.  0,    SHAPEl 

R5,    .  1   TO  10.  ,    SHAPEl 

R7,    .  1   TO  10.  0,    SHAPEl 

Rll,    VA1-VB1,    Rl,    VE21,    TOL  .  05 

R12,    VA2-VB2,    Rl,    VE22,    TOL  .  05 

R21,    VB1-GND,    R2,    VE21,    TOL  .  05 

R22,    VB2-GND,    R2,    VE22,    TOL  .  05 

R31,    VP121-VE11,    R3,    VE21-,    TOL  .  05 

R32,    VP122-VE12,    R3,    VE22,    TOL  .  05 

R41,    VC1-VM121,    R4,    VE21,    TOL  .  05 

R42,    VC2-VM122,    R4,    VE22,    TOL  .  05 

R51,    VE21-VM121,    R5,    VE21,    TOL  .  05 

R52,    VE22-VM122,    R5,    VE22,    TOL  .  05 

R71,    VE21-VB1,    R7,    VE21,    TOL  .  05 

R72,    VE22-VB2,    R7,    VE22,    TOL  .  05 

VA1=9.  9 

VA2  =  8.  1 

VM121=-12.  6 

VM122=-11.  4 

VP121=1.1.  4 

VP122  =  12.  6 

Til,  PNP,  VB1,  VCL  VE11,  CURVE  1,BETA1=30  TO  150 

T12,PNP,VB2,  VC2,  VE12,  CURVE  1,BETA2  =  30  TO  150 

T21,NPN,VC1,  VP121,  VE21,  CURVE  1,BETA21=30  TO  150 

T22,NPN,  VC2,VP122,  VE22,  CURVE  1,BETA22  =  30  TO  150 

OUTPUTS 

ZETArO.  ,  RANDOM,  DIRE  CT 
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VBE1=VB1-VE11 

VBE2=VB2-VE12 

VEE21=VC1  -VE21 

VBE22  =  VC2-VE22 

1R11 

JR12 

IR21 

IR22 

IR31 

IR32 

JR41 

IR42 

IR51 

IR52 

IR71 

IR72 

VB1 

VB2 

VC1 

VC2 

VE11 

VE12 

VE21 

VE22 

CURVE  1        DONT  PLOT 

-.001,-1. ,-1. ,       0.,0.,0.,       . 002, . 56, . 611,       , 015, . 61, . 67, 
0.32,  .63,  .69      .  080,  .  66,  .  72,       . 145, . 67, . 73,       . 4, . 69, . 75, 
,8, .71,.  77,       1.7,  .73, .79,       2. 9, .75, .81,       4.  0,  .  76,  .  82, 
6.  3,  .77,  .83,       11.  8,  .  79,  .  85,       16.  3,  .80,  .86 
END 
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TOPOLOGICAL  INPUT  DATA 

NOVEMBER  30,    1966 

12:57  AM 

1000  0  CASES 

NO  SENSITIVITIES 

DONT  VERIFY 

INPUTS 

Rl,VATOVB  =  2.  ,  TOL. 05 

R2,  VB  TO  GND  =  6.2,  TOL  .  05 

R3,  VP12  TO  VE1   =1.6,  TOL  .  05 

R4,  VC  TO  VM12  =  3.9,  TOL  .  05 

R5,  VE2  TO  VM12  =  4.  3   ,  TOL  .  05 

R7,  VE2  TO  VB  =  7.  5  ,    TOL  .  05 

VA  =  8.  1   TO  9.  9 

VM12  =  ~12.  6  TO  -11.  4 

VP12=  11.  4  TO  12.  6 

Tl,  PNP.VB,  VC,  VE1,  CURVE  1,BETA1=30  TO  150 

T2,NPN,  VC,  VP12,  VE2,  CURVE  1,BETA2  =  30  TO  150 

OUTPUTS 

VBE1  =VB- VE1  ,  PLOT 

VBE2=VC-VE2,  PLOT 

IR1,  PLOT 

IR2,  PLOT 

IR3,  PLOT 

IR4,  PLOT 

IR5,  PLOT 

IR7,  PLOT 

VB,  PLOT 

VC, PLOT 

VE1,  PLOT 

VE2,  PLOT 

CURVE  1        PLOT 

-. 001, -1.  , -1.  ,       0.,0.,0.,       . 002, . 56, . 611,       .015, .61, .67 
. 032, . 63, . 69,       . 080, . 66, . 72,       .145, .67, .73      . 4, . 69, . 75, 
.8, .71, .77,       1.7, .73, .79,       2. 9,. 75, .81,       4.  0,  .  76,  .  82, 
6.  3,  .77,  .83,       11.  8,  .  79,  .  85,       16.  3,  .80,  .86 
END 
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NOMINAL  VALUE  OF  EACH  OUTPUT  PARAMETER   (CALCULATED 
USING  NOMINAL  VALUE  OF  EACH  INPUT  PARAMETER) 


VBE1  =  -0.784644 

VBE2  =  0.767184 

IR1  =  1.620232 

1R2  =  0.  928957 

IR3  =  3.409887 

IR4  =  3.349002 

IR5  =  2.859052 

IR7  =  -0.728749 

VB  =  5.  759536 

VC  =  1.061106 

VE1  =  6.544180 

VE2  =  0.293922 
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